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To understand how differentiation and growth may be coordinated during development, we have studied the action of the
CINCINNATA (CIN) gene of Antirrhinum. We show that in addition to affecting leaf lamina growth, CIN affects epidermal cell
differentiation and growth of petal lobes. Strong alleles of cin give smaller petal lobes with flat instead of conical cells,
correlating with lobe-specific expression of CIN in the wild type. Moreover, conical cells at the leaf margins are replaced by
flatter cells, indicating that CIN has a role in cell differentiation of leaves as well as petals. A weak semidominant cin allele
affects cell types mainly in the petal but does not affect leaf development, indicating these two effects can be separated.
Expression of CIN correlates with expression of cell division markers, suggesting that CINmay influence petal growth, directly
or indirectly, through effects on cell proliferation. For both leaves and petals, CIN affects growth and differentiation of the more
distal and broadly extended domains (leaf lamina and petal lobe). However, while CIN promotes growth in petals, it promotes
growth arrest in leaves, possibly because of different patterns of growth control in these systems.

Development involves coordination of two inter-
connected processes: growth and cellular differentia-
tion. The genetic control of each of these processes has
been studied extensively in plants. For example, genes
affecting leaf growth or epidermal cell fate have been
isolated and analyzed (Masucci et al., 1996; Tsuge et al.,
1996; Gu et al., 1998; Kim et al., 1998; Mizukami and
Fischer, 2000; Kim et al., 2002). However, the way that
growth and differentiation are coupled through the
action of genes has been less well studied. To help
address this, we have investigated the effects of the
CINCINNATA (CIN) gene on growth and cell differ-
entiation in Antirrhinum.

CIN encodes a TCP transcription factor that pro-
motes growth arrest, particularly in leaf margins (Nath
et al., 2003). In cin mutants, leaves are larger and have
an undulating edge due to excessive growth in
marginal regions. In addition to these effects on leaf
growth, cin mutants also show alterations in petal
shape and cell types. This suggests that the CIN
transcription factor may have targets involved in both
growth and differentiation pathways. To determine
how these pathways may be affected, we have
analyzed the role of CIN in petal growth and differ-
entiation.

Flowers of Antirrhinum have five petals, which are
united in their proximal region to form a corolla tube.

The distal region of each petal forms a lobe, which
itself can be subdivided into a more proximal region,
termed the lip, and a more distal region (Fig. 1A; Keck
et al., 2003). The flowers exhibit dorsoventral asym-
metry and comprise two dorsal petals, two lateral
petals, and one ventral petal. The lateral and ventral
petal lobes form a platform for bees to land on and pry
open the flower. A variety of cell types can be
recognized in the flower, forming characteristic pat-
terns along the proximodistal and dorsoventral axes
(Keck et al., 2003). Several genes encoding transcrip-
tion factors have been identified that influence these
patterns. The CYCLOIDEA (CYC), DICHOTOMA
(DICH), and DIVARICATA (DIV) genes encode TCP
or MYB proteins that specify differences along the
dorsoventral axis (Luo et al., 1996, 1999; Galego and
Almeida, 2002). MIXTA (MIX) encodes a MYB-related
protein that promotes conical cell differentiation in the
lobes of the petal epidermis (Noda et al., 1994), while
LIP genes encode APETALA2-like proteins that most
strongly affect development in the lip region of the
flower (Keck et al., 2003). However, none of these
mutants have clear effects on leaf development.

Here, we describe the effects of CIN on growth and
differentiation. Aweak semidominant cin allele carries
a duplication of the CIN locus, most likely leading to
posttranscriptional silencing of CIN. This allele affects
cell types mainly in the lip region of the petal but does
not affect leaf development. All strong alleles of cin
have major disruptions in the CIN gene and give
smaller petal lobes with flat instead of conical cells,
correlating with lobe-specific expression of CIN in the
wild type. In addition, conical cells normally observed
at the margins of leaves are flatter than usual,
indicating that CIN has a role in promoting conical
cell development in leaves aswell as petals. Expression
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of CIN correlates with expression of cell division
markers, suggesting that CIN may influence petal
growth through effects on cell proliferation. However,
while CIN promotes growth in petals, it promotes
growth arrest in leaves, possibly because of different
patterns of growth control in these systems.

RESULTS

Alleles of cincinnata

To understand the role of CIN in petal development,
we first characterized a range of cin alleles. Two alleles
with indistinguishable mutant phenotypes, cin-755

Figure 1. Phenotype of wild-type and cin mutant flowers. Flowers of the wild type and cin mutants shown in side (left) or face
view (right). Wild-type Stock 98 (A), cin-756 (B), cin-628 (C), wild-type Sippe 50 (D), and cincin (E) are shown. The lobe and lip
regions are indicated on the face view of wild-type Stock 98 (A).
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and cin-756, had previously been shown to carry
deletions that extended into the CIN coding region
(Nath et al., 2003). In addition to affecting leaf shape,
these putative null alleles had a clear effect on the
flower: the petal lobes were smaller, slightly curled,
pale, and had altered cell types compared with their
progenitor (Fig. 1, A and B).

A broadly similar effect on both leaf and floral
morphology was seen when comparing the classical
allele, cincin (Fig. 1E), with their progenitor (Fig. 1D).
Nevertheless, there are some differences in detail. In
particular, the degree to which the ventral and lateral
petals bend at the tube-lobe boundary is reduced in
the classical mutant. The cincin phenotype is very
similar to another mutant, subcrispa (Stubbe, 1966). An
allelism test showed subcrispa is allelic to cincin and was
renamed cinsuba. Genetic analysis indicated that many
of the differences in appearance of the cincin and cinsuba

alleles compared with cin-756 were a consequence of
their distinct genetic backgrounds (the classical cincin

and cinsuba alleles were produced in the Sippe 50
background, while the deletion alleles were produced
in the John Innes Stock 98 background). Cloning and
sequencing of cincin showed that it had a 10-bp inser-
tion 438 bp downstream of the start codon, resulting in
a frameshift and a stop codon 444 bp downstream of
the start (Fig. 2A). The predicted protein would be
truncated at the C terminus by 256 amino acids
compared to the wild type CIN protein and is expected
to be inactive. PCR analysis on cinsubaDNA revealed an
insertion of a 4-kb DNA fragment in the CIN locus
(Fig. 2A). Sequencing of the insertion site showed that
the insertion was 63 bp downstream of the start codon.
The insertion of this fragment disrupts the open
reading frame (ORF) and is likely to disrupt CIN
function.

Another allele, cin-628, was also analyzed. Unlike
other cin alleles, cin-628was semidominant and had no
clear effect on leaf development. The floral phenotype
was different from the cin deletions: The effect of the
mutation was primarily on the cell types within the
adaxial epidermis of the petal lips (Fig. 1C). In cin-628/
CIN heterozygotes, the effect on cell types was weaker
than in cin-628/cin-628 homozygotes and confined
to more proximal regions of the petal lip. Crosses of
cin-628 to cincin gave a strong floral mutant phenotype
in the F1, consistent with their allelism.

The cin-628 allele arose from a transposon muta-
genesis screen. Southern blots of HindIII digests
probed with CIN ORF revealed that in addition to
the approximately 10-kb band seen in the wild-type
progenitor, cin-628 had a novel band at approximately
15 kb of a similar intensity to the wild-type band (Fig.
2B, lanes 1 and 2). This indicated that cin-628 may
carry a transposon-induced duplication of the CIN
locus similar to a previously identified mutation of
NIVEA in Antirrhinum (Bollmann et al., 1991). To
determine whether the additional 15-kb band in
cin-628 was responsible for the phenotype, stable
homozygous revertants of cin-628 were analyzed (the

revertants were obtained by screening progeny of cin-
628 plants grown at 15�C, a temperature that favors
transposon movement and rearrangements). The
15-kb band was absent in the revertants, although the
10-kb band was still present, indicating that the 15-kb
band had been responsible for the cin-628 mutation
(Fig. 2B, lanes 3 and 4). PCR analysis indicated that the
15-kb band carried a copy of the Tam3 transposon
approximately 3.5 kb upstream of the ATG, indicating
that the duplication was associated with a transposi-
tion event. To determine whether the 15-kb band was
linked to the original 10-kb band, cin-628 was crossed
to a wild-type line of a different genetic background
(JI-7) with a distinct band of approximately 12 kb in
HindIII digests. Analysis of the resulting F2 showed
that the approximately 15-kb and approximately 10-kb
bands present in cin-628were linked and cosegregated
with the mutant phenotype (Fig. 2B, lanes 5–19).

One explanation for these results is that cin-628
arose by a CIN duplication that led to repression of
gene activity, possibly through posttranscriptional
gene silencing (PTGS; Kusaba et al., 2003). PTGS
would also account for the semidominance of cin-628.
Similar transposon-induced semidominant alleles

Figure 2. Structure of cin alleles. A, Map of the cin locus. The rectangle
represents the transcribed region of the CIN gene with the ORF shaded
in gray. The thick black line represents the region deleted in cin-756.
The triangle represents the insertion in cinsuba. The star shows the
position of the introduced stop codon in cincin. E, B, and H are positions
of restriction sites for the enzymes EcoRI, BamHI, and HindIII,
respectively. B, DNA blots of wild-type, cin-628, cin-628 homozygous
revertant, and an F2 population segregating for cin-628 probed with
CIN. DNAwas digested with HindIII. Lane 1 contains DNA from wild-
type Stock 98 (the background in which the cin-628 allele is
maintained). Lane 2 contains DNA from cin-628. Lanes 3 and 4
contain DNA from two independent cin-628 homozygous revertants.
Lanes 5 to 19 contain DNA from an F2 population segregating for
cin-628; the phenotypes of the plants are wild type (wt), heterozygous
mutant (het), and homozygous mutant (hom).
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carrying duplications have been described for the
NIVEA locus of Antirrhinum and have subsequently
been shown to contain small RNAs diagnostic of gene
silencing (A. Hamilton and D. Baulcombe, personal
communication; Bollmann et al., 1991).

Cell Types in cin Alleles

To investigate the effect of CIN on cell types, adaxial
epidermal cells of petals from one of the deletion
alleles, cin-756, and the wild type were analyzed by
scanning electron microscopy (SEM). Four regions of
the dorsal petal lobe and three of the ventral petal lobe
were recorded (Fig. 3). Cells of the cin-756 were flatter
than those of the wild type for all regions analyzed.
Instead of conical cells typical of wild-type petal lobes,
the cin mutant had nearly flat or weakly conical cells.

The effect on conical cell formation was strongest in
the lip region of the ventral petal lobe (Fig. 3, compare
regions v and xii). Measurements of cell sizes showed
that cells were also about 30% larger in area in cin
mutants for three out of four regions of the dorsal
lobes when compared to the wild type (Fig. 3, regions
i–iv and viii–xi; Table I). Although, as these cells are
flattened in the mutant, it is possible that the cell
volume is not affected.

The cin-628 allele had a slightly different effect on
petal cell types. A mixture of flat cells and hair cells
(Fig. 4, arrow) was produced in the lip region of the
ventral and lateral petals instead of conical cells. The
morphology of these hair cells was similar to that of
wild-type hair cells from the adaxial surface of the petal
tube (Fig. 4, arrowhead). The distal regions of the petal
lobes in cin-628 did form conical cells indistinguishable

Figure 3. SEM analysis of petals from the wild type compared to cin-756. Petals were dissected and flattened to illustrate the
various areas used for comparisons of the wild type (i–vii) and cin-756 (viii–xiv). Scale bar 5 50 mm. dl, dorsal lobes; dt, dorsal
tube; lp, lateral lobes; vp, ventral lobes; vt, ventral/lateral tube.

Table I. Cell sizes in dorsal petals of cin-756 and the wild type

Average size of petal conical cells (mm2) from dorsal petals of cin-756 and the wild type. The sizes were
obtained from different regions corresponding to Figure 3.

Region i/viii Region ii/ix Region iii/x Region iv/xi

cin-756 2,022.2 6 299.8 3,027.8 6 746.4 4,785.2 6 492.1 2,731 6 347.1
Wild type 1,897.7 6 93 2,024.5 6 77.1 2,731.5 6 882.1 1,784.7 6 82.2
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from those found in wild-type petals, consistent with
cin-628 being a weak rather than null allele.

Conical cells are also found along the abaxial-
adaxial (dorsal-ventral) boundary (margin) of wild-
type Antirrhinum leaves (Fig. 5A). To investigate
whether these cells might also be affected by CIN,
three regions along the leaf margin in the wild type
and cin-756 allele were compared. The conical cells
found in the wild type were replaced by flatter cells in
cin-756 (Fig. 5B). Thus, CIN has an effect on conical cell
development in both leaves and petals.

Expression of CIN in Wild-Type Floral Tissue

The specific effect of CIN on petal lobe development
might reflect restricted expression of CIN or factors
that interact with CIN. To distinguish these possibil-
ities, CIN expression in developing petals was studied
by RNA in situ hybridization on longitudinal sections
of floral buds. Antirrhinum floral development has
been divided into 15 stages (Carpenter et al., 1995;
Vincent and Coen, 2004). CIN expression in buds was
first detected at stage 7, about halfway through floral
development. Expression was in the distal regions of
the growing petals (corresponding to the developing
petal lobes) on both the adaxial and abaxial sides of the
petal (Fig. 6A). Some signal was also observed in the
distal region of the developing stamens.

Figure 4. Adaxial epidermis surface of lateral petal in cin-628. Hair
cells are produced on the lateral and ventral petal lips in cin-628
(arrow), resembling those normally found in the petal tube (arrowhead).

Figure 5. SEM analysis of leaf margins of the wild type compared to cin-756. Different areas along the proximal-distal axis of the
leaf were compared in the wild type (A) and cin-756 (B). The arrows indicate conical cells found at the leaf margin in the wild
type. Scale bar 5 50 mm.
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At stages 8 to 9, when the petal lobes cover the
internal whorls, expression of CINwas observed in the
lobes (Fig. 6B). Expression was stronger in, though not
exclusive to, the adaxial side of each lobe. A slight kink
could be observed at this stage in the ventral petal (Fig.
6B, arrow), corresponding to a furrow that forms
between the tube and lobe. This region will give rise to
the lip of the lower petals (Keck et al., 2003; Vincent
and Coen, 2004). The expression domain of CIN
included the region where the ventral furrow was
forming.
By stage 10, CIN expression was still in the petal

lobes (Fig. 6C). Expression was now concentrated in
the epidermal cell layers on both the adaxial and
abaxial sides, although the expression was stronger in
the adaxial epidermis. The CIN expression pattern
included the kink in the ventral petal. Expression was
also observed in regularly spaced groups of cells
within the petal (Fig. 6C, arrowheads), most likely
corresponding to the vascular tissue. At stages 11 to 12,
when conical cells begin to form on the lobe, CIN

expression was expressed strongly in the adaxial and
abaxial epidermal layers of the lobe (Fig. 6D). CIN
expression in the lobe stopped at a specific point on the
ventral epidermis corresponding to the boundary
between the tube and the lobe.

CIN was expressed in both the cin-628 and cincin

mutants (data not shown). CIN expression in petals of
cin-628 was reduced compared to wild type, although
the pattern seemed unaltered (data not shown). The
lowered expression in cin-628 is consistent with the
hypothesis mentioned above that the effects of this
allele may involve PTGS (Van der Krol et al., 1990).
Early expression was also reduced in cincin, although
later expression was nearer to wild-type levels.
Expression of CIN was not detected in mutants
carrying the deletion allele, cin-756.

Effect of CIN on Petal Growth

In addition to the effect on cell types, petal lobes of
cin-756mutants were slightly smaller than those of the

Figure 6. Expression of CIN in wild-type Sippe 50 floral buds. Longitudinal sections of different stages were probed with
digoxigenin-labeled CIN antisense RNA. Staining of RNA is dark blue, and tissue is counterstained with calcofluor (pale blue). In
each case the dorsal side of the bud is on the left of the photograph. At stage 7, expression is found in the distal region of the
developing petals (bracketed in A). At stage 9, expression is observed throughout the distal portion of the petals (B). At stage 10,
expression is observed mainly in the epidermal layers of the distal region of the petal (C). At stage 11, expression is found only in
the epidermal layers and vasculature of the lobes of all petals (D). Arrow indicates the position of the ventral furrow. s, stamen; c,
carpel; vp, ventral petal; dp, dorsal petal. Scale bars 5 100 mm.
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wild type (Fig. 2). Measurements on several flowers
showed that the dorsal petal lobes cin-756 were about
86% of the area of those in the wild type (2976 15 mm2

compared to 348 6 23 mm2). Similarly, cincin dorsal
petals were about 62% of the area of their wild-type
progenitor (68 6 8 mm2 compared to 109 6 8 mm2).
The reduction in overall size contrasts with the
observed increase in cell size in several regions of
the petal lobes, suggesting that cin mutants had fewer
cells in the dorsal petal lobes.

To examine how CIN might be affecting growth of
petals, expression of cell-cycle markers HISTONE4
(HIS4) and CYCLIND3B (CYCD3B) was analyzed in
wild-type and cin mutant buds in the same genetic
background. HIS4 is expressed only in the S phase of

the cell cycle, and only a proportion of the cells give
a strong signal in proliferating tissue. CYCD3B, a key
regulator of the cell cycle in plants, is not restricted to
one phase of the cell cycle and is expressed throughout
proliferating tissue (Fobert et al., 1994; Riou-Khamlichi
et al., 1999; Gaudin et al., 2000).

In stage 9 buds, the spotty pattern of HIS4 ex-
pression was observed throughout the floral bud (Fig.
7, A and B). Spots of expression were most frequent in
the region corresponding to the ventral furrow of the
petal (Fig. 7B). Similarly, strongest CYCD3B expression
was observed in the ventral furrow of the petals (Fig. 7,
C and D). This indicates a high level of cell division
activity and correlates with the highest level of CIN
expression in this region (Figs. 7, E and F, and 6C).

Figure 7. Expression of HIS4, CYCD3B, and CIN
in stage 9 wild-type Sippe 50 floral buds. Conse-
cutive longitudinal sections were probed with
digoxigenin-labeled HIS4, CYCD3B, and CIN
antisense RNA and viewed as in Figure 6. HIS4
expression is observed throughout the floral bud
(A) but is more concentrated at the ventral
furrow (shown enlarged in B). Strong CYCD3B
expression is also found at the ventral furrow (C)
and is concentrated on the adaxial side (shown
enlarged in D). CIN expression is observed in
the epidermal layers in the distal region of the
petals (E), with stronger expression in the adaxial
epidermal cell layer (shown enlarged in F).
Rectangles indicate regions shown as enlarge-
ments. s, stamen; c, carpel; vp, ventral petal; dp,
dorsal petal. Scale bars 5 100 mm.
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Expression analysis in the cincin allele showed that
CYCD3B expression was present in the region corre-
sponding to the ventral furrow, although the promi-
nence of the furrow was reduced (Fig. 8, A and B). The
expression was mainly in the epidermal cell layer and
was less intense than that in the wild type. Similarly,
although HIS4 was expressed throughout floral buds
of cincin, the strong expression associated with the
ventral furrow in the wild type was absent (Fig. 8, C
and D).

DISCUSSION

We show that CIN affects cell types and growth of
petal lobes in Antirrhinum, correlating with specific
expression of CIN in these regions (no expression is
detected in the petal tube region). There are parallels
between these effects on petal development and the
effect of CIN on leaves. Petal lobes can be compared to
the leaf lamina, as both are broadly extended and
positioned distally, while the petal tube can be
compared to the petiole, as both are highly polarized
and positioned proximally. Thus, for both petals and
leaves, CIN plays a role in the development of the
more distal and broadly extended regions of the organ.
The parallel is further supported by the observation
that some of the cell types in the leaf lamina are altered
in cin mutants in a comparable way to cell-type
alterations in the lobes. However, despite these broad

parallels, many of the detailed effects of CIN on petals
and leaves are different.

Mature petal lobes of cin null mutant alleles have flat
or nearly flat cells instead of the conical cells found in
wild-type adaxial epidermis. Conical cells normally
begin to form at late stages of floral bud development
(Glover et al., 1998; Vincent and Coen, 2004) coinciding
with a stage when CIN transcripts are present in the
adaxial epidermis of the petal lobe. It is possible that
CIN promotes conical cell formation through inter-
actions with MIX, a gene encoding a MYB transcrip-
tion factor that is also expressed in the adaxial
epidermis (Noda et al., 1994); as with cin-756, mix
mutants have flat cells instead of conical cells.
However, the effect of MIX is more restricted than
that of CIN, as organ shape and size are not affected in
mix mutants. Moreover, cin mutants have altered
conical cell development at the leaf margins while
mix mutants did not. As CIN encodes a TCP tran-
scription factor, one possibility is that it influences
conical cell development in petals by directly switch-
ing on MIX specifically in petal lobes. However, some
MIX expression is still detected by RT-PCR in cin-756
mutant petals, indicating that the interaction may be
more indirect (our unpublished data). Interactions
between TCP and MYB transcription factors have also
been described for the control of dorsoventral asym-
metry in Antirrhinum flowers. Two TCP transcription
factors, CYC and DICH, are known to interact with the
MYB transcription factor DIV to establish domains

Figure 8. Expression of HIS4 and CYCD3B in stage 9 cincin floral buds. Consecutive longitudinal sections were probed with
digoxigenin-labeledHIS4 and CYC3B antisense RNA and viewed as in Figure 6. Expression of CYCD3B is observed in the petals
(A) but is not greatly enhanced in the region where the ventral furrow normally forms (shown enlarged in B). Similarly, the
frequency of spots of HIS4 expression (C) is not greatly enhanced in the ventral furrow region (shown enlarged in D). Arrows
indicate the normal position of the ventral furrow and rectangles indicate regions chosen for enlargements. s, stamen; c, carpel;
vp, ventral petal; dp, dorsal petal. Scale bars 5 100 mm.
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along the dorsal-ventral axis of the flower (Galego and
Almeida, 2002). CIN may interact similarly with the
family of MIX proteins to establish some of the
distinctions within the petal.

The effect of CIN on cell types varies for different
regions of the petal lobes. Two results indicate that the
lip region of the ventral petal lobe (i.e. the region
nearest to the corolla tube) may be more sensitive to
the loss of CIN. Firstly, in null cin alleles, the cells in
this region are more severely affected (they are
completely flat). Secondly, the weak cin-628 allele
mainly affects cell types in this region. In this case, hair
cells similar to those normally found inside the corolla
tube are formed instead of conical cells. This suggests
that one role of CIN may be to repress tube cell types
while promoting the formation of conical cells. Other
explanations are possible; for example, the hair cells in
cin-628may be the result of extended growth of conical
cells (Glover et al., 1998). In addition, the difference
between effects on ventral and dorsal petals indicates
that the effects of CIN may depend on interactions
with genes like CYC and DIV controlling dorsoventral
asymmetry.

CIN promotes growth in the petal lobes; mature
lobes of the cinmutants are smaller than the wild type.
The effect on growth depends on genetic background
(cin-756 has a smaller effect on petal size than cincin

in their respective backgrounds). The promotion of
growth by CIN involves extra cell divisions; cin
mutants have fewer cells in the lobes. This correlates
with reduced expression of cell cycle and histone
genes in the developing lip region. CIN expression is
strongest in the developing lip, suggesting that it may
function in a region-specific manner to promote
growth. Such regional specific effects on growth have
also been described for other TCP transcription fac-
tors, such as CYC and DICH (Luo et al., 1996, 1999;
Galego and Almeida, 2002).

In both leaves and petals, CIN acts preferentially in
particular regions, having its greatest effects in the
petal lip and leaf margins. However, the effect of CIN
on overall growth seems to be opposite for petals and
leaves. In petals, CIN promotes growth, while in leaves
CIN promotes arrest of growth and cell division (cin
mutants have larger leaves). This difference may
reflect a different mode of action for CIN in petals
and leaves or different patterns of growth control in
these systems.

MATERIAL AND METHODS

Plant Materials and Growth Conditions

The insertion and deletion alleles of CIN were isolated in the John Innes

Stock 98 background (Carpenter et al., 1987), which was used as the standard

wild type for comparisons with the mutant. Both the classical mutants,

cincinnata and subcrispa, originally came from the Gatersleben Collection

(Hammer et al., 1990) and have been described by Stubbe (Stubbe, 1966).

Plants were grown in a glasshouse, unless otherwise stated. For Tam3

mutagenesis, plants were grown in a growth cabinet at 15�C. For growth

measurements, plants were grown at 25�C in growth cabinet with continuous

light.

DNA Analysis

DNA extraction was conducted as described previously (Luo et al., 1996).

PCR was carried out in a programmable thermal controller (PTC-100; MJ

Research, Waltham, MA). Reactions were made in 10 mM Tris-HCl, pH 8.3;

50 mM KCl; 1.5 mM MgCl2; 0.01% (w/v) gelatin; 0.2 mM each of dATP, dCTP,

dGTP, and dTTP; and 0.002% (w/v) Tween 20. Sixty nanograms of DNA and

2 units Taq polymerase were added per 50-mL reaction. Samples were heated

to 95�C before addition of polymerase to minimize primer dimerization.

Reactions were overlaid with 20 mL of mineral oil and 35 cycles of 30 s at 95�C,
2 min at 55�C, and 40 s at 72�C were performed. Samples were then heated to

72�C for 10 min before being stored at 4�C. Two primers were used to identify

the cincin allele: (1) GTA AGG TTG AAT GGC AGG AAC and (2) CCT TCT

TTA TCA ACC AAT CAA C. The two primers used to clone the cinsuba allele

were (3) ATC CTC ACC ACC ATC ACC ATand primer 2. PCR products were

electrophoresed in 0.8% (w/v) agarose gels, purified by Wizard columns

(Promega, Madison, WI), and then sequenced with the ABI automatic

sequencer (Perkin Elmer, Foster City, CA) using oligos B and D. DNA blots

were conducted as described previously (Coen et al., 1990). The probe for

Southern hybridization was generated using pJAM193.

Microscopy

Samples for SEM were prepared on plastic replicas as described earlier

(Carpenter et al., 1995). Young leaves were dissected from the plants, and

a plastic mold and cast were taken (Green and Linstead, 1990). The cast was

gold coated, and micrographs were taken using a CT1500 HF microscope

(Oxford Instruments, Concord, MA).

In Situ Hybridization

The methods used for tissue preparation, digoxigenin-labeling of RNA

probes, and in situ hybridization were as described previously (Coen et al.,

1990). The probe used to detect the CIN transcript was a 1048-bp fragment

from the cDNA clone, covering the entire ORF. For HIS4, the probe consisted

of the entire cDNA (Fobert et al., 1994). For CYCD3B, a 3#-terminal fragment of

the cDNA lacking the poly(A) tail was used (Gaudin et al., 2000).

Petal Measurements

Petals were dissected under a microscope, flattened between glass plates,

and photographs taken with a Nikon Coolpix 995 digital camera (Tokyo),

either fitted on amicroscope or a tripod. Quantitative parameters such as area,

perimeter, length, and width were measured in the digital images using

programs written in Matlab (The MathWorks, Natick, MA; program written

by A.G. Rolland-Lagan). The average epidermal cell size was determined by

counting the number of cells in SEM of 0.1 to 1 square mm area of the leaf

surface, then dividing the area by the number of cells.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession number AY205603.
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